Abstract-This paper describes a method that passively assesses basic walker-assisted gait characteristic, including heel strikes, toe-off events, as well as stride time, double support and right & left single support phases using only force-moment measurements from the walker's handles. The passively derived gait characteristics were validated against motion capture gait analysis and showed good correlations. This research is part of an effort that aims to identify user intent, from measuring forces and moments exerted on the handles of the walker as well as from perceiving the environment, and to incorporate identified intent into a passive shared steering control system for the walker. The primary focus of the work leading to this paper is to identify the double support phase, and to engage the steering control at the beginning of this phase to maximize the user's stability. However, the application of the method presented and the instrumented walker can be extended to longitudinal outside the lab Gait assessment.
I. INTRODUCTION
Independent mobility is o ne of the most important factors in quality of life for elders, and other clinical populations who need assistive devices such as walkers. Mobility is crucial for performing the activities of daily living (ADLs), as well as maintaining fitness and vitality. Lack of independence and exercise can lead to a vicious cycle. Decreased mobility due to a perceived lack of safety can cause muscular atrophy and a loss of the feeling of empowerment (both of which contribute to further decreased mobility). Longitudinal assessment of functionality of mobility aid users, both inside and outside the home, can provide clinicians with continuous measures of a person's functional ability and activity levels, and may hence help 'evaluate' a person's health over a long period of time. Moreover, functional assessment in the user's natural environment, i.e. outside the clinic and the gait lab, is useful for monitoring the effectiveness of therapeutic interventions including surgeries, drug or physical therapy over extended periods of time.
Although walkers are used more than any other mobility aid except the cane [1] , walker-assisted gait is not fully investigated. In several research projects a walker was instrumented for various purposes, including several approaches that aim to infer the intent of the walker's user or to implement controlled wheeled mobility aids; see [2] . However, few researchers have attempted to instrument a walker to assess the functionality of the walker-dependent user. One of these attempts is the work of Fast et al. [3] where stain gauges were mounted on all four legs of a walker to record forces transmitted through the walker's frame in axial, frontal and sagittal orientations. The instrumented walker provided a better understanding of loading and force distribution. Clinical testing on patients with ambulation dysfunction revealed two distinct walker usage patterns. The first pattern was observed in patients using the walker as a means to reduce the amount of weight transmitted through the lower extremity, in weight support. The second pattern was observed in patients with severe balance problems who used the walker to enhance their balance and stability. The researchers also indicated that a third pattern, mixing the two above-mentioned patterns, maybe observed in some stroke patients with balance problems and hemi-paresis. In another research, a pick-up walker instrumented with strain gauges was developed to measure the six-axis resultant force/ moments applied by the user. Motion data from the bilateral upper extremity was collected by a vision-based motion capture system, Vicon, to characterized upper extremity loading demands using a biomechanical model. A finite-element model of the walker was developed to analyze the loading patterns. The clinical testing was performed by young healthy adults emulating protected load bearing of the lower limb at 4 different levels, to reflect typical use by pelvis, hip, femur or tibia-fibula fractures [4] . Neither work explored the potential use of the measured force and moments to passively derive basic gait characteristics.
This paper builds on previous research performed at the University of Virginia in using instrumented wheeled walkers to develop a human/machine shared-control system that assists users by increasing the safety and speed of their daily travels [2] , [5] and [6] . Here we present the use of a walker instrumented with force/ moment sensors to passively derive basic gait characteristics. Wheeled walkers can be easily augmented with simple and relatively low-cost instrumentation technologies to provide a wide range of functionality and gait characteristics. In addition, this information can be used to determine control actions of the walker's steering that maximize user stability. Section II of this paper presents the methodology of the experiments, including a brief description of materials. In section III, we present the results of attempts to passively derive basic gait characteristics from force moment measurements together with validation results provided by the Vicon motion capture system. In section IV, we discuss the results obtained and section V presents our concluding remarks.
II. METHODOLOGY
The walker is a standard three-wheel commercial walker augmented with a stepper motor, to control t he steering direction of the castor wheel, and two 6-DoF load cells from ATI Industrial Automation (US120-160). These sensors provide the load/moment transfers between the walker and the user. Experiments were conducted in the gait lab using a total of eight participants, three of whom were older adults (above 65). Each user performed a total of 50 experiments emulating 16 navigational scenarios designed to determine navigational intent from measured forces and moments recorded at the handles of the walker; the first experiment is aimed at calibrating the data capture systems. The navigational scenarios covered walking straight, turning right and left at two different angles on each side, and docking to a chair on both sides. The experiments were performed under two conditions: when the walker is passive, and when the steering castor is controlled; the controlled castor experiments covered agreement between the users' and motor's control actions as well as attempts to resist the motor's control action. Each navigational scenario was performed 3 times. The motion model (walker/user) is computed from the test data by using reflective markers and the Vicon system 612 connected to six 120Hz video cameras [7] . The Vicon system creates a 3-D motion model by using the positions in the (x-y-z) space of particular real points (markers) placed on the human and the walker frame. In this model, seven markers represent the walker and thirty-eight are used for the human body. The instrumented Walker and a skeleton kinematic model obtained from the video capture of a trial are shown in figure 1 , together with the global coordinate system. It is hypothesized that the forces and moments recorded from the walker's handles will have cyclic changes reflecting the gait cycle when the walker's castor wheel is not controlled, and that from these changes basic gait characteristics such as step count, pace, and gait phases including double support, as well as right and left single support could be identified. Hence, the identified double support phase could be exploited to init iate the steering control during it for increased user safety. Moreover, the instrumented walker can be used as a passive gait assessment tool.
III. RESULTS
Care ful examination of all force-moment channels against the right and left heel marker data revealed a significant correlation between the forces in the direction normal to the ground, F Z , and the corresponding moment, M X , where peaks in these two signal coincided with the heel strike instance; however the changes were clearer in the moment signal due to the lever effect of the handles' length, so we chose to use the right and left M X moment signals. Each of the right and left M X signals show two peaks, one with higher amplitude coinciding with the heel strike of the corresponding foot, the other has lower amplitude and coincides with the heel strike of the opposite foot; these higher and lower peaks alternate repetitively. This characteristic was exploited in developing a peak detection algorithm to detect right and left heel strikes from the right and left M X signals. A maximally flat response IIR low-pass filtering algorithm with a cut-off frequency of 3Hz is used in the data processing. To eliminate the phas e shift caused by filtering, a non-causal bi-directional filter is implemented. This filter performs zero-phase shift digital filtering by processing the input data in both the forward and reverse directions [8] . An off-line peak detection algorithm was applied as a post processing analysis to all trial data sets. The algorithm scans the M X data recorded for the whole trial to find the highest peak. Once this peak is detected, the algorithm starts to iteratively search for the remaining peaks after a skipping a certain portion of the data that reflects a pre-determined dead-time, in order to avoid the detection of false peaks in the undulating M X signal that do not coincide with heel strikes. The algorithm stops when the peak amplitude falls under a certain threshold. This algorithm has demonstrated robustness on all our trial data sets. However, the algorithm is not suited for on-line processing. Table I presents the error between the heel strike instances obtained from Vicon data and those derived from moment data for all trials. The error is presented as a percentage of the length of the overall gait cycle measured from Vicon's data.
A. Heel Strike Detection Results

B. Toe-off Detection Results
Similarly, the data sets exhibited some correlation between the forward propulsion forces applied by the user, F Y , and the toe-off event from the toe markers data captured by Vicon. For some users the toe-off events coincide with the start of an appreciable increase in the forward pushing force on the handle corresponding to the foot lifting off. However, the toe-off detection algorithm did not perform as well as the heel strike detection algorithm on all the subjects. The algorithm did not have reproducible results on all data sets from all the subjects, and had large errors in the toe-off event detection. Subject No. 7 in particular challenged the toe-off detection algorithm.
C. Toe-off Estimation Results
As an alternative to the toe-off detection algorithm, the toe-off times were estimated using a 60% rule based on the detected heel strike event. Two successive heel strikes, measured for the same foot, are used to compute the stride (i.e. the duration of the gait cycle). Using a normalized gait diagram [9] , we can compute an estimate of the toe-off event by adding 60% of the stride to the time of the first detected heel contact. Repeating the process, we can obtain a good estimate of all the subsequent toe-off events. Figure  4 graphically presents the results of toe-off estimation using the 60% estimation rule mentioned above. Table II summarizes the errors between the toe-off instances estimation of the toe-off instances. The error is presented as a percentage of the length of the overall gait cycle measured from Vicon's data.
D. Gait Cycle, Double Support, and Right & Left Single Support Results
Finally, we computed the Stride time, double support, as well as the right and left single support phases based on our heel strike detection algorithm and our toe-off estimation rule, and compared the results to results obtained from the heel strike and toe-off instances measured directly from 
IV. DISCUSSION
Error in detecting heel strikes is acceptable, within 6% of the overall stride time obtained from the motion capture system, and so is the estimation of the toe-off event (within 7%). The error in the single support phase determination is quite low (around 2%). The error in the double support assessment is high, and that is due to the fact that the double support time is small, approximately 10% of the gait cycle, which makes it more sensitive to errors in the detection of the heel strike or the toe-off event of the opposite foot. Also, the heel strike and toe-off times are determined by visual inspection of the Vicon's motion capture data, which is prone to errors comparable to the length of the double support time . It is clear from the error tables that there is a general trend in the error of heel strikes detection, toe-off time estimation, and consequently in the computation of the stride time, as well as the times of the single and double support phases that increases with the turn being made. This is expected since the force-moment patterns exerted on the walker's handles differ during turns and include a component reflecting the desired direction, in addition to any support needs during the turns (see [2] ), with the cyclic undulations reflecting the gait cycle and its different phases.
V. CONCLUSION & FUTURE WORK
We can detect heel strikes of left and right foot from moments placed on walker handles with good accuracy. Based on the heel strike detection, as well as toe-off time estimation, we could identify the double support, and the right & left single support phases, in addition to the overall gait cycle. The significance is that we can determine what portion of the gait cycle the user is in, and therefore know when it is most appropriate to take control actions. Also, additional sensing on the walker, such as incremental wheel encoders, would allow the derivation of other gait characteristics, including step and stride lengths. Consequently, the instrumented walker can be used to assist in clinical gait analysis. Since the walker is small and portable, it may allow certain gait analyses to be done longitudinally "in the field".
The non-causal digital filter used, as described in section III, is suitable for off-line processing. However, online gait characteristics detection, needed to determine the double support phase of the gait and to initiate the control at the beginning of the double support phase for maximum dynamic stability for example, necessitates substituting the bi-directional filter with a causal filter with minimal phase shift or at least linear phase response with the minimal order necessary to guarantee the on-line processing speed. FIR filters have the linear phase shift characteristics, but FIR filters have an order 4 times that of the corresponding IIR filter with the same c omplexity [10] . Meanwhile the Butterworth IIR filter has minimal phase shift over the filter's band pass when compared to other conventional filters [11] . When designed properly, the magnitude response of the filter is flat and the phase response is approximately linear in the pass-band. With these characteristics and lower order than the corresponding FIR filter, a high order Butterworth filter can be implemented for the on-line gait detection.
Because the on-line detection will have errors, we need to ascribe a measure of confidence to the detected events that can be utilized during the decision making process for on-line control. 
